The dietary fibre contained in the seed coats (testae) of sesame, by-products of the dehulling processes during the manufacture of sweetened sesame paste (halaweh), were evaluated with two assays: the AOAC enzymatic-gravimetric method and the enzymatic-chemical method. Functional properties and antioxidant activity of sesame seed coats were also determined. The total, insoluble, and soluble dietary fibre contents measured were significantly higher using the AOAC method, than with the enzymatic-chemical method. The dietary fibre contained high amounts of neutral sugars (15.11 g/100 g seed coat dry matter), insoluble uronic acids (10.52 g/100 g seed coat dry matter), and lignin (5.42 g/100 g seed coat dry matter). Physical property analyses showed a high positive correlation between particle size reduction of seed coat, water holding capacity, and oil holding capacity; however, there was a negative correlation with bulk density. Sesame testae showed a relatively high polyphenol content (9.9 mg/g of seed coat dry matter). Aqueous methanol, ethanol, and acetone extracts of seed coats yielded similar polyphenol levels (∼75 mg/g of extract), higher than those found in aqueous extracts (52.7 mg/g of extract). Aqueous organic solvent extracts possessed higher antioxidant activity than water extracts. Our results suggested that sesame seed coats can be used in the preparation of low calorie, high fibre, and antioxidant-rich foods.
INTRODUCTION
Sesame (Sesamum indicum L.) is cultivated in a number of Asian and African countries. India, Myanmar, China, Sudan, Uganda, Nigeria, and Ethiopia, in descending order, were the world's major growers, responsible for 75% of total world production in 2007 according to figures reported by the FAO. [1] Eighty percent of Tunisia's requisite sesame seeds are imported from Sudan and 20% from Egypt. [2] The quantity imported rose from 3400 tons in 1990 to 10,600 tons in 2005. [2] Most of Tunisia's imported sesame
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is used for manufacturing halaweh, a food product prepared by mixing dehulled, roasted, and ground white sesame seed (tehineh), root of Saponaria officinalis, and carmelized sugar. [3] The sesame seed coats (testae) are by-products of halaweh manufacture. In some sesame processing countries, this by-product is generally discarded, or used for animal feed. However, Elleuch et al. [4] reported that the testae remaining from halaweh processing contains valuable resources of dietary fibre (∼42 g/100 g seed coat), oil (∼12.2 g/100 g seed coat), and polyphenol (∼0.6 g/100 g seed coat). Therefore, the use of sesame seed coats as a source of dietary fibre and antioxidant, may offer beneficial supplements to the food industry.
Dietary fibre has an important therapeutic utility (prevents constipation, colon-rectal diseases, diabetes, obesity) and offers protective health benefits. [5] [6] [7] [8] Dietary fibre also contributes some functional advantages, e.g., water holding, oil holding, and emulsifying and/or gel formation. [9] Indeed, dietary fibres can be incorporated into food products (dairy, soups, meats, bakery products, jams) to modify textural properties, protection against syneresis, the process by which a liquid is separated from a gel owing to further coagulation, and can stabilise high fat foods and emulsions. [10] [11] [12] [13] [14] [15] It is noteworthy that some natural sources of dietary fibre combine antioxidant properties with the physiological effects on the fibre itself. [16] Phenolic compounds have been shown to possess antioxidant, anti-mutagenic, and antimicrobial activities. [17, 18] Grougnet et al. [19] identified several polyphenols found in sesame testae, including saminol, sesamolactol, and episesaminol-6-catechol. Isolation of antioxidants (phenolic compounds, etc.) from natural sources is desirable, because these substances are preferable for use in functional foods, food additives, and cosmetics preparations, since synthetic antioxidants may exhibit toxicity. [20] Studies show that the aqueous ethanol (80%) and absolute organic solvent extracts of sesame testae possess considerable antioxidant activity. [21, 22] Few experiments have investigated the physico-chemical properties of sesame seed coat dietary fibre, and studies of their antioxidant properties are limited to the 80% ethanol and absolute solvent extracts, [21, 22] and to identification of the polyphenolic compounds in sesame testae. [19] This work aimed to determine the content of insoluble and soluble fibre fractions in sesame testae as well as the constituents of each one of these fractions, and the effect of the particle size of the testae on their water holding capacity, oil holding capacity, and bulk density. Those data characterize the antioxidant activity of water and aqueous organic solvent extracts of sesame seed coats.
MATERIALS AND METHODS

Sample Preparation
Sesame seed coats, the waste products produced during the manufacture of the sesame confection halaweh, were supplied by a Tunisian confectioner, Moulin-Triki, Sfax. The testae were recovered after dehulling sesame seeds in the preparation of sesame paste (tehineh). A single sample was used for this entire study. The dry weight of the testae relative to the weight of raw sesame seeds is 13.6%. [4] The seed coats were dried for 24 h at 40
• C and milled in a Retsch SK 1 Centrifugal Mill (Retsch GmbH, Germany) at 2890 rpm, to a particle size of less than 1 mm, then stored at −20
• C until analysis. That raw material was characterized in our previous study. [4] DIETARY FIBRE AND ANTIOXIDANT ACTIVITY OF SESAME SEED COATS
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Fibre Analysis
Sesame testae were de-fatted prior to analyses, as recommended in analytical methodologies relating to dietary fibres. [23, 24] Two methods are used for chemical analysis of dietary fibres: the enzymatic-gravimetric AOAC (Association of Official Agricultural Chemists) method described by Prosky et al. [24] and an enzymatic-chemical method (a modification of the AOAC method).
Enzymatic-Gravimetric AOAC Method
Defatted samples were gelatinized with heat-stabilized alpha amylase, enzymatically digested with protease, and followed by incubation with amyloglucosidase to remove protein and starch. Then, the samples were filtered; washed with water, 95% ethanol, and acetone; and dried and weighed to determine insoluble fibre. Four volumes of 95% ethanol preheated to 60
• C were added to the filtrate and to the rinse water. The precipitates were filtered and washed with 78% ethanol, 95% ethanol, and acetone. Finally, the residues of soluble fibre were dried and weighed. The values obtained were corrected for ash and protein. Total dietary fibre was determined by summing insoluble fibre and soluble fibre.
Enzymatic-Chemical Method (a Modification of AOAC Method)
This method differs from the one described above in that centrifugation rather than filtration is used to separate the insoluble and soluble fibres (Fig. 1) . Since it can be completed with a smaller sample (200 mg instead of 1 g), lower quantities of enzymes, reagents, and solvents are required. Soluble fibre residues obtained were hydrolysed with 1 M sulphuric acid (1.5 h, 100
• C). Neutral sugars and uronic acids were quantified in the hydrolysate using 3.5-dinitrosalicyclic acid (DNS) reagent. Soluble fibre was assessed as neutral sugars and uronic acids. Insoluble fibre residues obtained after enzymatic treatment and centrifugation were hydrolysed with 12 M sulphuric acid (1 h, 30
• C), then with 1 M sulphuric acid (1.5 h, 100
• C). The residue recovered by vacuum filtration using sinter No. 2, was washed with hot water (90 • C) until it was determined to be free of acid using litmus indicator paper, then dried at 105
• C overnight and quantified as Klason lignin by standard methods. Neutral sugars and uronic acids were quantified in the hydrolysate as described above. Insoluble fibres were defined as the sum of values obtained for neutral sugars, uronic acids, and Klason lignin. Uronic acids were determined spectrometrically by the method of Scott [25] at 520 nm with a galacturonic acid standard and with 3,5-dimethylphenol as reagent.
Physical Characteristics
Water holding capacity, oil holding capacity, and bulk density were determined in sesame testae milled and sieved to fibre sizes: <100, 100-200, 200-500, 500-1000 µm. Water-holding capacity was determined using the method described by MacConnell et al. [26] One hundred mg of seed coat concentrates were added to 10 ml of distilled water in a 50-ml centrifuge tube and stirred overnight at 4
• C. The mixture was centrifuged at 14,000 × g for 20 min. The free water was decanted and the absorbed water was then evaluated. Oil holding capacity was measured using a method adapted by Caprez et al. [27] One g of testae was added to 10 ml of corn oil in a 50-ml centrifuge tube. The mixture was stirred and the tubes were centrifuged at 1500 × g for 30 min. Free oil was decanted and the adsorbed oil was measured. Bulk density was determined to be the weight divided by the volume of the seed coats. [28] 
Sample Extraction for Polyphenol Determination and Antioxidant Activity Assays
Total soluble polyphenols were extracted from 2-g samples with 40 ml of aqueous organic solvents (70% methanol, 70% ethanol, or 70% acetone) or water, for 120 min in a shaking incubator (200 rpm) at room temperature. After centrifugation (1000 × g, 10 min, 20
• C), the supernatants were collected and the residues were re-extracted under the same conditions. The supernatants were combined, lyophilised, and dispersed in the same extraction solvent.
Determination of Total Polyphenols
Total soluble polyphenols were determined in the seed coat extracts using the FolinCiocalteu colorimetric method. [29] Results were expressed as milligrams of gallic acid equivalents.
Antioxidant Activity Determination
Quenching of 2, 2-diphenyl-1-picrylhdrazyl (DPPH) radical by seed coat extracts. The effect of extracts on the DPPH radical was estimated according to the method reported by Siddhuraju et al. [30] A volume of 2 ml of 3.610 −5 M methanolic solution of DPPH (Sigma-Aldrich, St. Louis, MO, USA) was mixed with various amounts of sesame seed coat extracts (between 0 and 0.5 mg). The mixtures were shaken and allowed to stand at room temperature for 30 min; the absorbance of the resulting solutions was measured spectrophotometrically at 515 nm. The percentage of DPPH radical-scavenging ability was calculated from the absorbance value at the end of 30 min as follows:
where A 0 = absorbance at 0 min; A 30 = absorbance at 30 min.
Evaluation of Antioxidant Capacity by Phosphomolybdenum Method
Total antioxidant capacity of sesame seed coat extracts was evaluated by the method of Prieto et al. [31] Sample solutions of each extract (200, 300, 500, and 750 µg/ml) (0.1 ml) were mixed with 1 ml of reagent solution (0.6 M sulphuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate). The tubes were capped and incubated in a boiling water bath at 95
• C for 90 min. After cooling, the absorbance of the samples was measured at 695 nm. The antioxidant capacity was expressed as equivalents of ascorbic acid (µmol/g of extract).
Antioxidant Activity in Linoleic Acid System
Another procedure for determining antioxidant activity uses the linoleic acid system, a method described by Kikuzaki and Nakatani. [32] A mixture of sample extract (0.2 ml), 2.51% (w/v) linoleic acid in ethanol (0.5 ml), 0.05 M phosphate buffer (pH 7) (8 ml), and distilled water (3.9 ml) were incubated at 37
• C in the dark. The degree of oxidation was measured using the thiocyanate method [33] for measuring peroxides, reading the absorbance at 500 nm after colouring with FeCl 2 and ammonium thiocyanate. Absorbances were measured daily until the absorbance of the control reached a maximum (96 h). A control was performed using linoleic acid alone, without a sample solution. Butylated hydroxyanisole (BHA) (5 mg/ml) was used as a positive control. The inhibition percent of linoleic acid peroxidation was calculated as (%) inhibition = 100 − [(Sample absorbane 96h /Sample absorbance 0h )/(Control absorbance 96h /Control absorbance 0h )] * 100.
Statistical Analysis
All analytical determinations were performed in triplicate. Values of different parameters were expressed as the mean ± standard deviation (x ± SD). Significant differences between mean values (P < 0.05) were determined by Fisher's test.
RESULTS AND DISCUSSION
Dietary Fibre Content
Insoluble, soluble, and total fibre contents of sesame seed coats determined by the AOAC method and enzymatic-chemical method are shown in Table 1 . The AOAC method was deemed to include non-starch polysaccharides, lignin, and resistant starch in the fibres, [24] whereas the enzymatic-chemical method includes only non-starch polysaccharides and Klason lignin. Table 1 reveals that the amounts of fibre determined by the AOAC method were 1.3 times higher than those determined by the enzymatic-chemical method (P < 0.05). The discrepancy, however, seems too large to be explained by the amounts of resistant starch alone. [34] According to Wolters et al., [34] this difference may be explained either by overestimation of the amount of fibre in the AOAC method (coprecipitation of oligosaccharides and Maillard reaction products) or the underestimation of the amount of fibre in the enzymatic-chemical method (loss of polysaccharides during hydrolysis) or both. Similar results were shown by Elleuch et al. [9] in the case of date fibre determinations using both the enzymatic-chemical and AOAC methods.
Sesame seed coats have a high total dietary fibre content (42 g/100 g seed coat dry matter). Insoluble fibre was the largest fraction, more than 26%. Compared with cereal derivatives (corn bran, wheat bran, oat bran, and rice bran; soluble dietary fibre ranged between 0.4 and 4.1% [12, 24, 35, 36] ), the soluble dietary fibre content of sesame seed coats is considerably higher. Neutral sugars, principally formed by cellulose and hemicelluloses, and uronic acids made up of pectic substances [37] were present in both the soluble and insoluble dietary fibre. The insoluble dietary fibre fraction is composed primarily of uronic acids and neutral sugars (estimated by the difference between DNS and uronic acids quantities) which occurred in the same values (∼10.14%), however, soluble fibres are composed primarily of neutral sugars (Table 1) . Compared with the by-products of fruit processing (e.g., orange dietary fibre and peach dietary fibre concentrate), [37, 38] sesame testae contain the highest proportion of uronic acids and the lowest amount of neutral sugars in their insoluble fibres. The Klason lignin content of sesame testae (5.42%) is close to amounts reported [36] for wheat bran and oat bran (5.3-5.5%) but was relatively lower than peach, apple, artichoke, pear fibres, and mango peels (between 5.7 and 23.8%). [36, 37] All values shown are means of three determinations ± standard deviation. Mean in a row followed by the same letters are not significantly different (P > 0.05).
DNS: determined by dinitrosalicyclic acid method. "-" Not determined by the AOAC method.
Effect of Sesame Seed Coat Particle Sizes of on Their Physical Performance
The effect of particle size on the water holding capacity, oil holding capacity, and bulk density of milled sesame testae are presented in Fig. 2 . A decrease in particle size was associated with an increase in density (Fig. 2c) , reduction in water holding capacity (Fig. 2a) , and oil holding capacity (Fig. 2b) . According to Guillon and Champ [5] and Caprez et al., [27] water holding capacity and oil holding capacity are dependent on the characteristics of individual compounds and the physical structure of the fibre matrix. Thus, it can be suggested that the positive correlation between the decrease in particle size and water and oil holding capacities observed in this study can be explained by the fact that grinding may damage the regions of potential water and oil holding capacities, and consequently, decrease the capacity of binding water and oil. Mongeau and Brassard, [39] Auffret et al., [40] and Sangnark and Noomhorm [41] found similar results in studies of cereal brans, sugarcane bagasse, and citrus fibre. In contrast, Fleury and Lahaye [42] showed that a decrease in particle size of Laminaria digitata (the brown marine alga Kombu Breton) was associated with an increase in water and oil holding capacities.
Water Holding Capacity
The water holding capacity of sesame testae (3.15 g water/g testae for particle size <100 µm) was close to those reported by Grigelmo-Miguel and Martin-Belloso [36] and Larrauri et al. [28] for wheat bran, oat bran, citrus husk, and pineapple peel (2-4 g water/g sample). The water holding capacity level found in this study (3.1-5.5 g water/g testae) indicates that sesame seed coats can be used as a functional ingredient to reduce calories, avoid syneresis, and modify the viscosity and texture of formulated foods.
Oil Holding Capacity
Sesame testae showed a higher oil holding capacity (between 1.9 and 3 g oil/g testae) than other sources of fibre, e.g., orange and peach fibre, as reported by Grigelmo-Miguel and Martina-Belleso [38] and Grigelmo-Miguel et al. [37] (between 0.863 and 1.11 g oil/g sample). Sesame testae can be used in food formulations to stabilize food with high oil content.
Bulk Density
Bulk density of sesame testae increased from 0.41 to 0.61 g/ml with particle size reduction (Fig. 2c) . These values were higher than those found in the orange fibre reported by Grigelmo-Migeul and Martina-Belloso, [38] (0.36-0.38 g/ml) but lower than sugarcane bagasse (more than 1 g/ml). [40] Thus, it seems that bulk density depends on the nature of the fibre and on its particle size distribution. Table 2 indicates that the effects of the solvents tested on the extraction yields was not significant (P > 0.05). The yields of extraction in this study (∼10.5%) were higher than those reported by Chang et al. [22] (between 6 and 8.21%) for extraction with organic Effect of particle size on water holding capacity, oil holding capacity, and bulk density of sesame seed coats. All values shown are means of three determinations ± standard deviation. Mean in a row followed by the same letters are not significantly different (P > 0.05).
Extraction Yield and Total Soluble Polyphenol
1 Based on 100 g of sesame seed coat dry matter; 2 Based on mg of gallic acid equivalents per g of sesame seed coat (dry matter); 3 Based on milligram of gallic acid equivalents per g of extract.
solvents (methanol, ethanol, and acetone). This indicates that the yield may be increased with water content of the solvent.
Sesame testae showed a polyphenol content of about 9.9 mg/g of testae. Aqueous organic solvents extract about 7.96 mg of polyphenol/g of testae, while water extracts only 5.44 mg of polyphenol/g of testae The phenolic contents in the extracts (77.85 mg/g of extract) were higher than those reported by Shahidi et al. [21] (29.7 mg/g of extract) for white sesame testae. This difference may be due to differences in polyphenol extraction techniques and/or the sesame cultivar source of the testae used in their study.
Antioxidant Activity
Quenching of 2, 2-diphenyl-1-picrylhdrazyl (DPPH) radical by sesame seed coat extracts. The radical-scavenging activity, using DPPH-generated radical, was tested with the sesame seed coat extracts and with BHA (Fig. 3) . The scavenging effect of sesame seed coat extracts on the DPPH radical was less than that of BHA. This activity was lowest in the water extract. At 0.5 mg, the scavenging effect of aqueous ethanol and methanol extracts were similar (∼94.4%) and higher than those for the aqueous acetone and water extracts (respectively, 92.4 and 90.2%). This can be attributed to the difference in polyphenol content and to the nature of extracted compounds. Results show that sesame testae extracts possess the ability to act as hydrogen donors and they are the primary antioxidants that react with free radicals. The scavenging effect of the absolute ethanol extraction reported by Chang et al. [22] yielded about 94.9%, using 10 mg of sesame seed coat extract, whereas the scavenging effect shown in this study was 94.5%, using only 0.5 mg of the 70% aqueous ethanol extracted material. These results indicate that 70% aqueous ethanol is superior to absolute ethanol for extracting antioxidant.
Antioxidant Capacity by Phosphomolybdenum Method
The antioxidant capacity of sesame seed coat extracts was determined by the formation of phosphomolybdenum complexes, a method based on the reduction of Mo (VI) to Mo (V) by the antioxidant constituents. [43] Table 3 illustrates that all extracts showed an increase in antioxidant capacity with an increasing quantity of extract. The water extract possesses lower antioxidant capacity at all levels, compared to all other extracts. This difference may be attributed to differences in their phenolic contents. At levels between 20 and 50 µg, all aqueous solvent extracts showed similar antioxidant capacity, while aqueous ethanol extract at 75 µg exhibited the highest antioxidant capacity.
Antioxidant Activity in Linoleic Acid System
Antioxidant activity in the linoleic acid system of sesame seed coat extracts with various solvents (1 mg) and BHA (1 mg) are shown in Table 4 . Sesame seed coat extracts exhibited strong and similar antioxidant activity to the BHA (P > 0.05) using different organic solvents, while the water extract showed the lowest activity (93.8%). This difference may be due to a lower polyphenol content in the water extract. The testae extracts prepared using absolute organic solvents reported by Chang et al. [22] possess similar antioxidant activity (91.8 to 93.9%) compared to the water extract (93.8%) as shown in this study. All values shown are means of three determinations ± standard deviation. Mean in a row followed by the same letters are not significantly different (P > 0.05). All values shown are means of three determinations ± standard deviation. Mean in a row followed by the same letters are not significantly different (P > 0.05).
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Thus, from economic and toxicological (safety) points of view, water can be used to extract the antioxidants to protect unsaturated fatty acids against peroxidation.
CONCLUSIONS
Sesame seed coats were high in total fibre content. The seed coats showed significant antioxidant activity, which may be attributed to strong abilities for hydrogen-donation and scavenging of hydroxyl radicals. Sesame testae possessed water holding capacity and oil holding capacity properties. Particle size reductions of pulverized testae were positively correlated with their water holding capacity and oil holding capacity but negatively correlated with their density. Our dietary fibre comparisons showed that the enzymatic chemical method underestimates the amount of dietary fibre, revealing a level of fibre in seed coats 1.3 times lower than those indicated by the AOAC enzymatic-gravimetric method. These results indicated that 70% aqueous ethanol is more effective than absolute ethanol for extracting antioxidant. Our results indicated that sesame seed coats, removed when preparing sesame paste, can be recovered and used as a value added product, with potential as sources of dietary fibre and antioxidants for the food and cosmetic industries.
